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Bismuth	 nanoparticles	 (Bi	 NPs)	 for	 use	 as	 an	 X-ray	 contrast	material	 have	
gained	 significant	 traction	 in	 recent	 years	 due	 to	 the	 high	 atomic	 number	 and	
generally	 accepted	 biological	 tolerance	 of	 bismuth.	 However,	 to	 be	 considered	 a	
viable	 candidate	 for	 use	 in	 this	 application,	 water	 solubility	 is	 a	 necessity,	 which	
poses	a	challenge,	since	bismuth	tends	to	readily	oxidize.	For	this	reason,	research	
into	 the	 direct	 aqueous	 synthesis	 of	 Bi	 NPs	 is	 still	 in	 its	 infancy	 and	 can	 be	 very	
difficult,	as	described	in	Chapter	1.	The	remaining	chapters	of	the	thesis	describe	the	
direct	 aqueous	 synthesis	 of	Bi	NPs	 starting	 from	a	water-soluble	bismuth	 tartrate	
(Bix(D-TA)y)	precursor.	Syntheses	were	carried	out	in	an	aerobic	environment	using	
a	 variety	 of	 pH	 and	 temperature	 conditions,	 from	 biologically	 compatible	 and	
inexpensive	chemical	reagents.	
Chapter	2	describes	initial	studies	that	sought	to	use	glucose	as	the	reducing	
agent	 and	 its	 oxidation	 product,	 gluconic	 acid,	 as	 the	 surface-stabilizing	 species.	
These	studies	showed	glucose	to	be	ineffective	as	a	reducing	agent	for	bismuth,	as	
reactions	 progressed	 slowly	 and	 resulting	 particles	 lacked	 size	 and	 shape	
uniformity.	 The	 addition	 of	 a	 co-reductant,	 borane	 morpholine,	 was	 observed	 to	
result	in	an	increased	reaction	rate,	which	yielded	particles	that	exhibited	improved	
size	 and	 shape	uniformity.	However,	 due	 to	 lack	 of	 surface	 stabilization,	 resulting	
particles	were	often	observed	 to	undergo	oxidative	dissolution	upon	quenching	of	




Bi	 NPs	 that	 were	 equally	 unstable,	 as	 particle	 colloids	 were	 often	 observed	 to	
dissolve	when	quenching	 the	 reaction.	 For	 samples	 in	which	oxidative	dissolution	
did	 not	 occur,	 the	 resulting	 Bi	 NPs	 were	 observed	 to	 be	 crystalline,	 aggregated	
nanostructures	 lacking	 any	 size	 or	 shape	uniformity.	 For	 samples	 that	 underwent	
immediate	 oxidative	 dissolution	 and	 were	 afterwards	 left	 in	 a	 closed	 container	
absent	 of	 light	 for	 ~96	 hours	 at	 room	 temperature,	 regrowth	 of	 Bi	 NPs	 was	
observed,	 where	 particle	 growth	 was	 thought	 to	 occur	 through	 a	 seed-mediated	
pathway.	 Through	 this	 seed-mediated	 growth	 method,	 resulting	 Bi	 NPs	 were	
observed	 to	 have	 significantly	 improved	 size	 and	 shape	 uniformity,	 as	 well	 as	
aqueous	colloidal	stability.		
Chapter	 3	 describes	 additional	 syntheses	 that	 yielded	 highly	 stable	 and	
relatively	size	uniform	aqueous	Bi	NPs,	which	were	prepared	by	chemical	reduction	
of	 the	 same	Bix(D-TA)y	 precursor.	 In	 these	 studies,	 hexamethylenediamine	 (HMD)	
was	 used	 as	 the	 surface-stabilizing	 agent	 in	 place	 of	 PEG	 300.	 Analysis	 via	 FTIR	
revealed	 the	 presence	 of	 the	 ligand	 tartrate,	 which	 facilitated	 a	 simple	 acid/base	
titration	 method	 of	 particle	 isolation.	 With	 the	 addition	 of	 HCl,	 particle	 colloids	
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area	 of	 study,	 where	 nanoparticles	 comprised	 of	 crystalline	 bismuth	 cores	 are	 of	
particular	 interest.	 This	 is	 due	 to	 their	 incredibly	 diverse	 range	 of	 potential	
applications,	such	as	in	heterogeneous	and	homogeneous	catalysis,1-3	as	lubricating	
oil	additives,4	as	thermoelectric	materials,5-7	as	well	as	for	biomedical	X-ray	imaging	
agents.8-15	 Particularly	 for	 use	 in	 biomedical	 X-ray	 imaging,	 synthesized	 particles	
must	 be	 water	 soluble	 and	 biocompatible.	 While	 there	 do	 exist	 direct	 aqueous	
synthetic	preparations	 for	bismuth	nanoparticles	 (Bi	NPs),	 as	discussed	 in	Section	
1.3.2,	 the	 majority	 of	 synthetic	 Bi	 NP	 literature	 focuses	 on	 organic,	 air-free,	 and	
high-energy	techniques,	as	these	methods	tend	to	generate	highly	uniform	and	size-
tunable	 NPs,	 as	 discussed	 in	 Section	 1.3.1.	 The	 following	 is	 a	 discussion	 on	 the	
current	state	of	Bi	NP	chemistry	and	NP	chemistry	in	general,	that	will	demonstrate	
the	 progress	 that	 has	 been	made,	while	 highlighting	 the	 challenges	 still	 yet	 to	 be	
met.	
1.1.1	Bismuth	Nanomaterial	Applications	




the	 system.	 This	 is	 thought	 to	 be	 due	 to	 the	 formation	 of	 superoxide	 (•O2-)	 and	 a	
hydroxyl	 radical	 (•OH)	 upon	 photoirradiation	 of	 the	 Bi	 NPs	 in	 the	 presence	 of	
	 2	
adsorbed	O2	and	water.	These	reactive	oxygen	species	are	thought	to	go	on	to	react	
with	 NO,	 resulting	 in	 the	 formation	 of	 NO3-.	 Additionally,	 the	 Bi	 NPs	 maintained	
stable	 photocatalytic	 activity	 over	 five	 consecutive	 cycles,	 and	 showed	 high	
durability	 in	 photocatalytic	 activity	 for	 more	 than	 five	 continuous	 hours	 of	
irradiation,	demonstrating	the	robustness	of	the	particles	under	catalytic	conditions.	
Bi	 NPs	 have	 additionally	 been	 shown	 to	 be	 efficient	 catalysts	 in	 organic	
synthesis.	For	the	reductive	coupling	of	nitroarenes	to	form	azo-compounds,	Bi	NPs	
have	shown	great	utility	as	a	catalyst.2	The	catalytic	cycle	goes	through	a	variety	of	
intermediary	 steps,	 where	 the	 Bi	 NP	 catalysts	 are	 oxidized,	 then	 regenerated	





With	 substituted	 arenes,	 azo	 compound	 yields	 ranged	 between	 62-96%,	
depending	 on	 the	 functional	 group,	 showing	 slowly	 diminishing	 yields	 with	 each	
catalytic	 cycle.	 Sterically	 bulky	 groups	 and	 strongly	 electron-donating	 groups	
produced	 the	 lowest	 yields,	 while	 small	 electron-withdrawing	 groups	 or	 weakly	
electron-donating	groups	gave	the	best	yields.	
Bi	 NPs	 have	 also	 demonstrated	 efficiency	 in	 catalyzing	 the	 chemical	






While	 the	 reaction	 of	 4-NP	 with	 NaBH4	 is	 a	 thermodynamically	 favored	 one,	 the	
kinetic	barrier	associated	with	the	energy	of	activation	makes	the	reaction	difficult	
to	 carry	 out.	 To	 that	 end,	 the	 nanoparticles	 act	 as	 a	 “shuttle”	 to	 relay	 electrons	
between	BH4-	and	4-NP.	
	





original	 friction	coefficient	when	kept	below	200˚C.	However,	when	 the	 lubricated	
surfaces	 were	 elevated	 above	 the	 melting	 temperature	 of	 the	 bismuth	 powder	
(271˚C),	 a	 layer	 of	 oxide	 developed,	 which	 resulted	 in	 an	 increase	 of	 the	 friction	
coefficient.	
Bismuth	 nanomaterials	 have	 also	 been	 shown	 to	 be	 an	 effective	
thermoelectric	 material.	 Thermoelectric	 materials	 generate	 electricity	 in	 the	
presence	 of	 a	 temperature	 differential	 on	 either	 side	 of	 the	material.	 Conversely,	
they	can	generate	a	temperature	differential	with	an	applied	current.	The	efficiency	
of	this	conversion	is	typically	evaluated	through	the	following	expression:	














W	 m-1K-1).	 However,	 it	 is	 theorized	 that	 S	 can	 be	 enhanced	 significantly	 when	
bismuth	 crystallite	 domains	 are	 reduced	 to	 the	 nanoscale,	 due	 to	 a	 semimetal-to-
semiconductor	transition	that	is	brought	on	by	the	effects	of	quantum-confinement.7	
1.1.2	Bi	NPs	as	an	X-ray	Contrast	Agent	as	the	Main	Motivation	
While	 bismuth	 nanomaterials	 have	 been	 shown	 to	 be	 quite	 versatile,	








	 	 	 	 	 ! = !!!!!!	 	 	 	 (2)	
where	 ρ	 is	 the	 material	 density,	 Z	 is	 the	 atomic	 number	 of	 the	 X-ray	 absorbing	
atoms,	A	 is	 the	 atomic	mass,	 and	 E	 is	 the	 energy	 of	 the	 incident	 X-ray	 radiation.	
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Given	 the	 direct	 proportionality	 of	 material	 density	 and	 atomic	 number	 to	 X-ray	
absorption,	 high-density	 materials	 that	 are	 comprised	 of	 high	 atomic	 number	
elements	are	the	most	attractive	candidates	for	XCAs.	
	 A	 variety	 of	 elements	 and	 compounds	 have	 been	 investigated	 for	 use	 as	
nanoparticle	 XCAs.	 Studies	 have	 shown	 that	 inorganic	 nanoparticle	 XCAs	 tend	 to	
have	 characteristically	 longer	 circulation	 times	 and	 better	 chemical	 stabilities	 as	
compared	to	small	molecules,	characteristics	which	have	enabled	studies	aimed	at	
site-directed	 imaging.17,18	 PEGylated	 erbium-doped	 ytterbium	 oxide	 nanoparticles	
and	 nanoparticles	 containing	 a	 tantalum	 oxide	 core,	 as	well	 as	 a	 variety	 of	 other	
materials	have	been	investigated	for	such	applications.18-20	However,	the	majority	of	
the	 research	 concerning	nanoparticle	XCAs	has	 focused	on	gold	nanoparticles	 (Au	
NPs),	owing	to	the	highly	studied	nature	of	their	syntheses	and	applications.	Au	NPs	
are	 readily	 synthesized	 and	 exhibit	 many	 desirable	 optical	 and	 electronic	
properties,	 lending	 to	 their	 continued	 research	 uses	 in	 biomedicine,	 as	 well	 as	




number	 than	 gold	 (Bi,	Z	 =	 83;	Au,	Z	 =	 79),	while	 gold	has	 a	density	 that	 is	 nearly	
three	times	that	of	bismuth.	When	examining	the	two	parameters	that	are	directly	
correlated	with	the	effectiveness	of	an	X-ray	absorbing	material	(Z4	and	ρ),	gold	and	
bismuth	 come	 out	 within	 an	 order	 of	 magnitude	 of	 each	 other,	 making	 them	
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comparable	 XCA	 candidates.	 Unlike	 Au	 NPs,	 however,	 elemental	 Bi	 NPs	 undergo	
oxidation	and	hydrolysis	in	water,	decomposing	over	time	into	smaller	molecular	or	
ionic	 bismuth(III)	 species,	 which	 can	 assist	 with	 avoiding	 bioaccumulation	 and	
possibly	lead	to	better	systematic	clearance.	
	 Many	 studies	 have	 been	 carried	 out	 to	 determine	 the	 efficacy	 of	 Bi	NPs	 as	




Additionally,	 when	 measured	 at	 varying	 X-ray	 tube	 voltages,	 there	 is	 very	 little	
difference	 in	measured	 attenuation.	 	When	 the	 rate	 of	 attenuation	 of	 Bi	 NPs	was	
evaluated	 against	 that	 of	 free	 bismuth(III)	 ions	 and	 an	 aqueous	 iodine	 standard	
(Figure	 1.1b),	 both	 free	 bismuth(III)	 ions	 and	 Bi	 NPs	 outperformed	 the	 iodine	




macrophage	 and	HeLa	human	 cervix	 adenocarcinoma	 cell	 lines.	 After	 one	hour	 of	
incubation,	there	was	no	observed	decrease	in	cell	viability	for	either	cell	line	at	any	




line	 did	 show	decreased	 cell	 viability	 over	 a	 period	 of	 24	 hours,	 these	 studies	 do	
suggest	relatively	good	biological	compatibility.	
	
Figure	 1.1:	 Evaluation	 of	 X-ray	 attenuation	 of	 Bi	 NPs.	 a)	 X-ray	 attenuation	 of	 Bi	 NPs	
measured	 as	 a	 function	 of	 concentration,	 evaluated	 at	 four	 clinically	 relevant	 X-ray	 tube	
voltages.	b)	Attenuation	rates	of	Bi	NPs,	bismuth(III)	ions,	and	an	aqueous	iodine	standard	
versus	 X-ray	 tube	 voltage.	 Reproduced	 with	 permission	 from	 ref.	 8,	 copyright	 2014	
American	Chemical	Society.	
Z.	 Li	 and	 coworkers	 were	 able	 to	 further	 demonstrate	 the	 biological	
compatibility	of	 the	glucose-coated	Bi	NPs.9	Nanomaterials	 that	can	be	utilized	 for	
diagnostics,	 as	 well	 as	 therapeutics,	 aptly	 named	 theranostic	 agents,	 are	 highly	
desired	 in	 the	 treatment	 of	 cancer,	 since	 they	 are	 an	 “all-in	 one”	 tool	 for	 cancer	
diagnosis	 and	 treatment.	 By	 functionalizing	 the	 glucose-capped	 Bi	 NPs	 with	
poly(ethylene	 glycol),	 the	 researchers	 were	 able	 to	 demonstrate	 their	 use	 as	 an	









that	 are	both	hydrophilic	 and	uniform	 in	 size	 and	 shape.	These	 challenges	will	 be	
addressed	in	the	following	sections.	
1.2	Nanoparticle	Synthesis	in	General	
The	 generation	 of	 nanoparticles,	 specifically	 those	 of	 uniform	 size,	
composition,	 and	 morphology,	 is	 of	 significant	 importance,	 given	 that	 many	
properties	that	these	materials	hold	are	dictated	by	these	parameters.	Uniform	size,	
composition,	 and	 morphology	 of	 a	 colloidal	 particle	 system	 allows	 for	 the	




separation	 of	 nanoparticle	 nucleation	 and	 growth	 stages,	 as	 well	 as,	 b)	 the	




The	 first	 requirement,	 that	 separation	 of	 nucleation	 and	 growth	 be	 well	
resolved,	 can	 be	 understood	 in	 terms	 of	 the	 LaMer	 model	 (Figure	 1.2).26	 In	 this	
model,	 LaMer	 describes	 the	 overall	 particle	 formation	 process	 in	 three	 distinct	
stages.	 In	 the	 first	 stage,	 pre-nucleation	 (Stage	 I),	 the	 production	 of	 the	 desired	
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precursor	 species	 occurs	 in	 solution,	 and	 the	 concentration	 of	 this	 precursor	
increases	 over	 time.	 Stage	 II	 begins	 when	 the	 precursor	 reaches	 a	 critical	
concentration	(Ccrit),	or	the	minimum	concentration	at	which	nucleation	can	occur.	
During	 this	 stage,	 the	 rate	 of	 precursor	 formation	 is	 overcome	 by	 the	 rate	 of	
nanoparticle	 nuclei	 formation.	 If	 the	 rate	 of	 nucleation	 is	 effectively	 infinite,	 no	
further	nucleation	can	occur.	This	point	is	marked	by	a	local	maximum	in	precursor	
concentration,	after	which	time	the	concentration	of	precursor	is	decreased	back	to	
Ccrit,	marking	 the	 end	 of	 the	 nucleation	 event.	 Following	 nucleation	 is	 the	 growth	
stage	 (Stage	 III),	 a	 process	 that	 is	 typically	 diffusion	 controlled	 (i.e.,	 limited	 by	
diffusion	 of	 the	 monomer	 to	 the	 newly	 formed	 nuclei).	 Particle	 growth	 proceeds	
until	 the	precursor	 concentration	 reaches	 the	equilibrium	solubility	 concentration	
of	precursor	with	respect	to	the	bulk	solid	(Csol).	
	
Figure	 1.2:	 LaMer	 model	 describing	 the	 formation	 of	 monodispersed	 particles	 in	 three	


















Achieving	 a	 single,	 rapid	 nucleation	 event,	 followed	 by	 a	 slow	 period	 of	





There	 are	 a	 number	 of	 techniques	 by	 which	 to	 separate	 nucleation	 from	
growth.	One	such	technique	is	to	introduce	seed	crystals	into	a	solution	of	monomer	
at	 a	 relatively	 low	 solute	 concentration,	 below	 Ccrit.	 With	 the	 addition	 of	 seed	
crystals	 that	 serve	as	nucleation	sites	 for	 further	 reduction,	 these	 seeds	 can	affect	
directional	 crystallographic	 growth,	 as	 well	 as	 the	 rate	 at	 which	 crystal	 growth	
occurs.	 In	 this	 way,	 the	 nucleation	 and	 particle	 growth	 steps	 can	 be	 effectively	





The	 second	 requirement	 for	 obtaining	 colloidally	 stable	 inorganic	
nanoparticles	 of	 uniform	 size	 and	 shape	 is	 the	 prevention	 of	 aggregation.	
Aggregation	occurs	when	two	or	more	particles	come	in	contact	with	one	another,	
adhering	 to	 each	 other	 irreversibly.	 Particles	with	nanometer-sized	domains	 have	
elevated	surface	energies,	given	their	high	surface	area-to-volume	ratio.	This	tends	
to	 lead	to	either	aggregation	or	dissolution	of	 these	particles,	 the	 latter	 in	 favor	of	
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the	growth	of	larger,	more	stable	particles,	also	referred	to	as	Ostwald	ripening.	The	
degree	 to	 which	 aggregation	 or	 dissolution	 occur	 can	 be	 minimized	 in	 several	
different	ways:	by	use	of	an	electric	double-layer	(Figure	1.3a),	a	solid-state	or	gel-
like	network	(Figure	1.3b),	or	steric	surface-stabilizing	agents	(Figure	1.3c).	
	 The	 use	 of	 an	 electric	 double-layer	 is	 an	 effective	 method	 for	 preventing	
aggregation,	whereby	charged	particles	exert	a	repulsive	force	against	one	another,	
which	 is	 dictated	 by	 the	 zeta	 potential	 (the	 potential	 difference	 between	 the	 bulk	
solvent	 and	 the	 stationary	 layer	 of	 solvent	 molecules	 attached	 to	 the	 dispersed	





Figure	 1.3:	 Illustrations	 depicting	 several	 common	ways	 to	 stabilize	 particle	 surfaces	 to	
protect	 the	 particles	 from	 aggregation:	 a)	 using	 an	 electronic	 double-layer	 to	 stabilize	
particle	 surfaces;	 b)	 nanoparticles	 that	 are	 grown	 in	 a	 solid-state	 or	 gel-like	 network,	
keeping	the	particles	separated	during	nucleation	and	growth	stages;	and	c)	nanoparticles	
stabilized	with	the	use	of	polymeric	or	small	molecular	surface-stabilizing	species.	
Alternatively,	 solid-state	 or	 gel-like	 networks	 formed	 pre-nucleation	 can	





significantly	 minimized.	 As	 an	 example,	 our	 lab	 developed	 a	 synthesis	 for	 silicon	
nanoparticles	 (Si	 NPs)	 that	 starts	 with	 the	 hydrolysis	 and	 polycondensation	 of	
trichlorosilane	 (HSiCl3),	 which	 forms	 a	 hydridosilicate	 polymer	 of	 stoichiometry	
(HSiO1.5)n.30	 Annealing	 of	 the	 polymer	 at	 1100˚C	 under	 flowing	 N2	 results	 in	 the	
formation	 of	 nanocrystalline	 Si	 domains	 encased	 in	 an	 amorphous	 silicon	 dioxide	
(SiO2)	matrix,	which	can	subsequently	be	liberated	through	an	aqueous	hydrofluoric	
acid	(HF)	etch,	leaving	hydride-terminated	Si	NPs.		
However,	 quite	 possibly	 the	 most	 popular	 and	 effective	 method	 for	
preventing	 aggregation	 is	 the	 use	 of	 steric	 surface-stabilizing	 agents.	 These	 can	
come	 in	 many	 different	 forms,	 from	 small	 molecular	 species	 to	 large	 polymeric	
species	 that	 are	 adsorbed	 onto	 the	 surface	 of	 the	 particles.	Weak	 bond	 formation	
with	such	species	ultimately	lowers	the	total	energy	of	the	particle	surface.	
Apart	 from	being	used	 to	stabilize	particle	surfaces,	 thus	protecting	against	
aggregation,	 surface-stabilizing	 agents	 can	 also	 be	 employed	 to	 impart	
morphological	control	to	growing	colloidal	particles.	In	certain	cases,	some	capping	
agents	 will	 preferentially	 adsorb	 to	 specific	 crystal	 lattice	 planes,	 with	 a	 lower	
extent	 of	 binding	 to	 other	 crystallographic	 planes.	 Because	 of	 this,	 anisotropic	
growth	can	occur	due	to	 limiting	growth	on	the	crystal	plane	where	binding	is	the	
strongest,	 thereby	 promoting	 growth	 on	 the	 crystal	 planes	 where	 binding	 is	
weakest.		
As	 an	 example,	 it	 has	 been	 demonstrated	 that	 alkylphosphonic	 acid	
molecules	bind	to	most	crystallographic	planes	in	cadmium	selenide	quantum	dots	




can	be	preferentially	 formed.31,32	 Similarly,	 directional	 growth	of	 the	TiO2	 anatase	
crystal	structure	through	surfactant	mediation	has	been	demonstrated	by	the	use	of	






uniform	nanoparticles	 that	 reside	within	 two	different	 classifications	of	 approach.	
Top-down	 approaches	 start	 from	 bulk	 material	 and	 produce	 particles	 through	





In	 general,	 these	 methods	 are	 the	 most	 versatile,	 economical,	 and	 accessible	
approaches	to	generating	particles	of	uniform	size	and	shape.	Bottom-up	techniques	
have	 the	 ability	 to	 generate	 much	 more	 versatile	 colloids,	 with	 regards	 to	 their	
physical	 characteristics,	 by	 modification	 of	 synthetic	 parameters	 such	 as	 the	





The	 first,	 and	 foremost,	 condition	 to	 consider	 is	 the	 thermodynamic	
favorability	of	the	reduction	of	the	oxidized	metal	(or	semi-metal)	precursor	species	
(Mn+).	 In	 generating	 reduced	metal	 species	 (M0)	 that	 are	 the	monomers	 for	metal	
particle	 formation,	 the	 oxidized	 metallic	 species	 undergoes	 reduction	 by	 the	
following	mechanism:	
	 	 	 	 !!!! + !"#$ → !!! + !!"#!		 	 	 (3)	
where	Red	and	Red+	are	the	reduced	and	oxidized	forms	of	the	reducing	agent.		The	
magnitude	of	 the	difference	 in	reduction	potentials	 in	 the	 two	half	 reactions	(Ecell)	
dictates	the	extent	to	which	this	reaction	will	occur,	as	described	by	the	equilibrium	
constant	(K),	which	is	related	to	the	potential	difference	as	follows:	
	 	 	 	 !"# =  !"!!"##!" 	 	 	 	 	 	 (4)	
where	 n	 is	 the	 number	 of	 electrons	 transferred	 in	 Equation	 3,	 F	 is	 the	 Faraday	
constant,	 R	 is	 the	 universal	 gas	 constant,	 and	 T	 is	 the	 absolute	 temperature.	 The	
redox	reaction	occurs	to	this	extent	in	order	to	minimize	the	free	energy	(∆G),	which	
is	related	to	the	potential	difference	by	the	following	expression:	
	 	 	 	 ∆! = −!"!!"## 		 	 	 	 	 (5)	
where	a	positive	Ecell	results	in	a	thermodynamically	spontaneous	reaction,	favoring	
the	reduced	metal	species.	With	 this	 in	mind,	 the	difference	 in	reduction	potential	
between	 the	 reducing	 agent	 and	 the	metallic	 species	 should,	 ideally,	 be	 above	 the	
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range	 of	 0.3	 –	 0.4	 V	 to	 be	 of	 any	 practical	 use,	 as	 anything	 lower	will	 result	 in	 a	
reaction	that	does	not	proceed,	to	a	large	extent,	to	reduced	metal	products.37	
	 When	 selecting	 a	 thermodynamically	 appropriate	 reducing	 agent	 for	 a	
particular	metal	species,	there	are	several	other	parameters	to	keep	in	mind.	First	is	
the	 chemical	 composition	 of	 the	 oxidized	 metal	 species,	 which	 includes	 both	 the	
metal	 ions	 and	 the	 ligands	 bound	 to	 the	metal	 ions.	 Reduction	 potentials	 for	 un-
complexed	 metal	 ions	 versus	 complexed	 metal	 ions	 can	 vary	 significantly.	 For	




metal	 complex	 chemistry	 can	 aid	 in	 tailoring	 the	 rate	 of	 reactivity	 of	 a	 given	
synthetic	system.	In	this	way,	selection	of	a	reducing	agent,	specific	to	a	particular	
metal	complex,	is	vital	to	the	success	of	that	reaction.	
	 While	 modifying	 a	 reaction	 system	 through	 metal	 ion	 complexation	 and	
reducing	agent	selection	is	incredibly	useful,	it	is	not	the	only	means	with	which	to	




	 	 	 	 !!"## = !!"##! − !"!" !"#		 	 	 	 (6)	
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where	 E˚cell,	 is	 the	 standard	 electrochemical	 cell	 potential	 and	 Q	 is	 the	 reaction	
quotient.	 In	 aqueous	 systems,	 metal	 ion	 complexation	 and	 pH	 modification	 are	
almost	 always	 used	 together	 to	 control	 metal	 oxidation	 states	 and	 precursor	
composition,	 which	 is	 often	 described	 in	 potential/pH,	 or	 Pourbaix,	 diagrams.	 By	
constructing	one	of	these	diagrams	for	a	specific	metal-reducing	agent	system,	one	





	 In	 most	 cases,	 the	 synthesis	 of	 elemental	 nanoparticles	 in	 aqueous	 media	
presents	 one	of	 the	 easiest	 and	most	 viable	 approaches	 in	nanoparticle	 synthesis,	
due	 to	 the	 generally	 high	 solubility	 of	 the	 metal	 salt	 precursors	 and	 common	
reducing	 agent	 species	 (e.g.,	 sodium	 borohydride,	 amine	 boranes,	 citrate,	 etc.)	 in	
water.	 The	 synthesis	 of	 Bi	 NPs	 in	 aqueous	 media,	 on	 the	 other	 hand,	 presents	 a	
significant	 challenge.	 Bismuth,	 one	 of	 the	 elements	 that	 make	 up	 the	 pnictogen	
family,	 has	 a	 very	 strong	 affinity	 for	 chalcogen	 species	 such	 as	 oxygen	 and	 sulfur.	
Additionally,	common	bismuth	salts	are	only	sparingly	soluble	in	water	and	require	
strongly	 acidic	 environments	 for	 increased	 aqueous	 solubility.	 Furthermore,	 un-
complexed	bismuth(III)	has	a	relatively	low	reduction	potential,	+0.308	V	versus	the	
normal	 hydrogen	 electrode	 (NHE),38	 making	 the	 reduced	 form	 susceptible	 to	
oxidation	 in	 air	 and	water.	 	 As	 such,	many	 synthetic	 protocols	 developed	 for	 the	
generation	 of	 Bi	 NPs	 take	 place	 under	 air-free	 conditions,	 typically	 employing	
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varying	 sizes,	 from	6	 -	27	nm,	 that	were	highly	uniform	 in	 size	and	shape	 (Figure	
1.4a).			
	
Figure	 1.4:	 Uniform	 Bi	 NPs	 generated	 by	 different	 organic	 and	 high-energy	 synthetic	





the	 range	 of	 10	 –	 200	 nm.	 Reproduced	 with	 permission	 from	 ref.	 42,	 copyright	 2004	
	
Figure	1:	Uniform	Bi	NPs	 generated	by	different	 synthetic	 protocols.	 a)	Bi	NPs	synthesized	 through	 the	
chemical	 reduction	 of	 bismuth	 dodecanethiolate	 with	 tri-n-octyl	 phosphine	 generating	 monodispersed	
particles	 in	 the	 range	 of	 6	 –	 27	 nm	 in	 size,	 depending	 on	 aging	 temperature	 and	 time4;	 b)	 Bi	 NPs	







American	 Chemical	 Society.	 c)	 Bi	 NPs	 synthesized	 by	 thermal	 decomposition	 of	
Bi[N(SiMe3)2]3	 in	 the	 presence	 of	 Na[N(SiMe3)2]	 generating	 particles	 with	 an	 average	
diameter	 of	 7.1	 nm	 ±	 0.8	 nm.	 Reproduced	with	 permission	 from	 ref.	 43,	 copyright	 2008	
American	Chemical	Society.	
Alternatively,	 solvothermal	 reduction	 is	 another	 common	 technique	 for	
generating	monodispersed	Bi	NPs	in	an	organic	solvent.	Solvothermal	reduction	is	a	
method	 in	 which	 metal	 nanoparticle	 precursor	 species	 are	 subjected	 to	 elevated	
temperatures	 and	 pressures,	 typically	 between	 100-1000˚C	 and	 1-10,000	 atm,	
respectively,	 enabling	 precursor	 interaction	 and	 affecting	 the	 resulting	 geometry	
and	size	of	the	target	nanomaterial.50	Specifically,	solvothermal	reduction	in	polyol	
solvents,	such	as	ethylene	or	propylene	glycol,	has	a	threefold	advantage,	in	that	the	
polyol	 is	 the	 solvent,	 the	 reducing	 agent,	 and	 the	 surface	 stabilizing	 species.	 For	
example,	 J.	 Wang	 et	 al.42	 demonstrated	 a	 method	 for	 preparing	 Bi	 NPs	 from	 a	
sodium	bismuthate	(NaBiO3)	precursor	in	ethylene	glycol,	that	range	in	size	from	10	
–	200	nm,	depending	on	the	relative	ratios	of	ethylene	glycol	to	acetone	co-solvent	
used	 (Figure	 1.4b).	 These	 particles	 could	 then	 later	 be	 used	 as	 seeds	 for	 the	
preparation	of	 single	 crystalline	nanowires	 and	belts	using	poly(vinyl	pyrolidone)	
(PVP)	to	promote	and	direct	growth	of	the	nanowires	or	belts.		
One	 of	 the	more	 notable	 syntheses	 of	 Bi	 NPs	 comes	 from	 F.	Wang	 et	al.,43	
which	involves	the	thermal	decomposition	of	the	bismuth	precursor	Bi[N(SiMe3)2]3	
in	a	mixture	of	Na[N(SiMe3)2],	combined	with	a	25	wt%	polymer	solution	of	poly(1-




colloid	 after	 17	 hours.	 By	 varying	 the	 amount	 of	 Na[N(SiMe3)2]	 used	 in	 the	
synthesis,	 average	 particle	 sizes	 could	 range	 from	 3.3	 to	 173.1	 nm.	 However,	 a	






the	 case	 of	 polyol	 syntheses,	 while	 these	 approaches	 do	 generate	 water-soluble	
nanoparticles,	 a	 more	 direct	 aqueous-phase	 approach	 is	 desired.	 A	 more	 direct	
aqueous-phase	route	would	provide	greater	diversity	in	choice	of	surface-stabilizing	
species,	which	would	then	expand	the	ability	to	functionalize	and	tune	the	particles	
for	 biological	 applications.	 Such	 a	 route	 would	 also	 ideally	 improve	 size	 and	









with	 highly	 uniform	 spherical	 morphology.	 In	 a	 typical	 synthesis,	 the	 resulting	
particles	range	in	size	from	25	–	40	nm	(Figure	1.5a).	
In	another	aqueous	protocol,	D.	Ma	et	al.52	synthesized	Bi	NPs	from	a	soluble	
bismuth	 tartrate	 precursor,	 using	 sodium	 hypophosphite	 (NaH2PO2)	 as	 a	 mild	
reducing	agent	in	the	presence	of	SOA.	The	resulting	Bi	NPs	from	this	protocol	are	









NaH2PO2,	 stabilizing	 the	 surface	 with	 SOA.	 Particles	 range	 in	 size	 from	 10	 –	 50	 nm.	
Reproduced	with	permission	from	ref.	52,	copyright	2011	Elsevier.	







was	 to	 directly	 synthesize	 aqueous,	 colloidally	 stable	 Bi	 NPs.	 The	 first	 was	 a	 pH-
dependent	 aqueous	 synthesis	 that	 used	 bismuth	 nitrate	 pentahydrate	
(Bi(NO3)3•5H2O)	as	a	solid	suspension	in	a	glycine	buffer,	titrated	with	KOH	to	reach	
various	targeted	pH	solutions.53	Prior	to	reduction,	an	equilibrium	between	the	free	




of	 the	 resulting	 particles	 relied	 heavily	 on	 the	 pH	 of	 the	 initial	 reaction	 solution.	
With	 increasing	 acidity,	 the	 solubility	 of	 Bi(OH)3	 increases,	 increasing	 the	
availability	of	Bi3+	species	that	can	be	reduced	to	Bi0	monomer.	This	in	turn	affects	
the	 rate	 of	 Bi	 NP	 nucleation	 and	 growth,	 as	 a	 result	 of	 the	 increased	 number	 of	
available	nuclei	from	which	particles	can	grow.	As	seen	in	Figure	1.6a,	for	syntheses	
carried	out	in	solutions	with	a	pH	<	9,	the	reactions	are	very	rapid	and	the	resulting	
particles	 are	 not	 uniform	 in	 size.	 However,	 for	 syntheses	 carried	 out	 in	 solutions	
with	a	pH	>	9,	the	reaction	kinetics	become	more	controlled	and	an	increase	in	size	










below	 a	 pH	 of	 9,	 and;	 b)	 particles	 synthesized	 above	 a	 pH	 of	 9,	 demonstrating	 the	
dependence	of	size	and	shape	on	the	pH	of	the	reaction.	Reproduced	with	permission	from	
ref.	53,	copyright	2012	American	Chemical	Society.	
For	 this	 colloid,	 while	 the	 core	 size	 distribution	 was	 relatively	 small,	 the	
mean	hydrodynamic	diameter	of	 the	particles	was	measured	 to	be	130	nm	with	a	
broad	 standard	 deviation.	 This	 size	 difference	 can	 be	 attributed	 to	 the	 polymeric	
surface-stabilizing	 agent	 and	 the	 hydration	 shell	 about	 each	particle.	Nonetheless,	
the	Bi	NPs	 generated	 from	 this	protocol	were	 colloidally	 and	oxidatively	 stable	 in	
certain	 aqueous	 solutions,	 remaining	 stable	 for	 over	 one	 month	 when	 stored	 in	
solutions	with	 a	 pH	 between	 8	 and	 10,	 or	 in	 phosphate	 buffered	 saline	 solutions	
maintained	 at	 a	 pH	 of	 7.4.	 These	 particles	 were	 prone	 to	 photodegradation,	 but	
remained	 robust	 when	 stored	 in	 the	 absence	 light	 over	 a	 wide	 range	 of	
temperatures,	suggesting	a	good	potential	for	biomedical	use.	
	
Figure	 2:	 TEM	 images	 of	 BiNPs	 synthesized	 using	 pH-dependent,	 glycine	 buffered	 synthetic	











was	 quenched	 in	 electrophoretically	 pure	 water	 at	 4˚C.	 The	 particles	 from	 this	
synthesis	 not	 only	 show	 great	 morphological	 uniformity,	 but	 are	 also	 relatively	
monodisperse	in	size,	with	particles	from	a	best	synthesis	having	a	74	±	14	nm	core	
diameter,	 and	 an	86	±	 35	nm	hydrodynamic	 diameter,	 in	which	 the	 crystalline	Bi	
core	constitutes	60%	of	the	volume	(Figure	1.7).	
While	 yielding	 particles	 that	 are	 relatively	 uniform	 in	 size	 and	 shape,	 this	
particular	synthesis	generates	a	significant	waste	stream	 in	order	 to	 isolate	 the	Bi	
NP	 products	 from	 excess	 solvent	 and	 capping	 agent,	 which	 is	 standard	 in	 polyol	
syntheses,	 as	mentioned	 earlier.	 In	 a	 standard	 reaction	 at	 a	 total	 volume	of	~100	
mL,	54	g	of	α-D-glucose	is	used,	making	an	almost	300:1	molar	ratio	of	glucose-to-
bismuth.	Furthermore,	this	reaction	can	generate	up	to	4	L	of	aqueous	waste	from	
the	 time	 of	 synthesis	 to	 the	 isolation	 of	 particles	 via	 centrifugation.	 Additionally,	
when	particles	are	dialyzed	for	further	purification,	this	generates	another	1	–	2	L	of	
aqueous	waste.	Therefore,	while	this	synthesis	represents	the	best	Bi	NP	synthetic	
protocol	 for	 size	 and	 shape	 uniformity	 developed	 in	 our	 lab,	 the	 waste	 stream	
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generated	 and	 the	 labor-intensive	work	 up	 are	 issues	 that	 would	 be	 desirable	 to	
improve.	
	
Figure	 1.6:	 Bi	 NPs	 synthesized	 in	 PPD	with	 the	 surface	 stabilizer	 and	 co-reductant	α-D-




aqueous	 protocols	 for	 the	 generation	 of	 Bi	 NPs.	 However,	 each	 presents	 its	 own	
particular	 issue,	 the	 most	 prevalent	 being	 the	 issue	 of	 solubility	 of	 bismuth	 (III)	
precursors	in	aqueous	media.	Our	lab	sought	to	circumvent	this	issue	by	moving	to	a	
polyol-based	synthesis,	which	poses	its	own	set	of	problems.	While	solubility	is	no	




Figure	 2:	 TEM	 images	 of	 BiNPs	 synthesized	 using	 pH-dependent,	 glycine	 buffered	 synthetic	








Chapter	2	 –	 Employing	Redox	Active	 Surface	 Stabilizing	Agents	 in	 the	Direct	
Synthesis	of	Colloidally	Stable	Aqueous	Bismuth	Nanoparticles	
2.1	Abstract	
The	 initial	 aim	 of	 this	 work	 was	 to	 develop	 a	 synthesis	 for	 bismuth	
nanoparticles	 (Bi	 NPs)	 that	 takes	 advantage	 of	 the	 pH-dependent	 isomeric	
equilibrium	 of	 glucose,	 which	 would	 allow	 for	 the	 reduction	 of	 bismuth	 (III)	 to	
elemental	bismuth.	The	straight-chain	aldehyde	isomer	of	glucose	was	expected	to	
serve	 as	 both	 the	 reducing	 agent	 and	 the	 surface-stabilizing	 agent.	 Due	 to	 the	







Consequently,	we	 next	 employed	 300	MW	poly(ethylene	 glycol)	 (PEG)	 in	 place	 of	
glucose,	 since	 the	 polymeric	 surface	 stabilizing	 agent	was	 likely	 to	 afford	 a	more	
stable	particle	surface.	However,	some	syntheses	yielded	particles	coated	with	PEG	
that	were	equally	unstable	post-synthesis,	as	evidenced	by	the	oxidative	dissolution	
of	 the	nanoparticles	upon	quenching	 the	 reaction.	Alternately,	 for	 some	 syntheses	
where	 immediate	 oxidative	 dissolution	did	not	 occur,	 the	 resulting	 particles	were	
crystalline	 aggregate	 nanostructures	 with	 no	 uniformity.	 Interestingly,	 for	 the	
syntheses	 that	 resulted	 in	 immediate	 oxidative	 dissolution,	 when	 the	 reaction	
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mixtures	were	 left	 to	 sit	 in	 an	 airtight	 vessel	 in	 the	 dark	 for	 ~96	 hours	 at	 room	
temperature,	 re-nucleation	 and	 growth	 of	 Bi	 NPs	 was	 observed.	 The	 Bi	 NPs	
synthesized	in	this	way	were	both	relatively	size	uniform	and	colloidally	stable.	 In	




Elemental	 nanoparticles	 (NPs)	 have	 been	 of	 great	 interest	 in	 the	 past	 few	
decades,	 owing	 to	 their	 vast	 range	 of	 potential	 applications.	 From	 their	 size-	 and	
shape-dependent	optical	and	magnetic	properties	to	their	ever-growing	application	
as	catalysts	in	organic	synthetic	transformations,1-3	elemental	NPs	continue	to	open	
up	many	new	avenues	of	 chemistry	 that	were	not	yet	 accessible.	One	of	 the	more	
exciting	 areas	 of	 research	 into	 elemental	 NPs	 lies	 within	 the	 field	 of	 biomedical-
imaging,	where	nanoscale	 X-ray	 contrast	 agents	 (XCAs)	 present	 an	 attractive	 new	
class	 of	 contrast	material	 owing	 to	 their	 potential	 for	 increased	 circulation	 times	
and	 the	 possibility	 of	 site	 directed	 imaging,	 both	 of	 which	 are	 limitations	 for	 the	
molecular,	iodinated	contrast	agents	that	are	currently	in	clinical	use.4-7	
Elemental	 NPs	 based	 on	 elements	 such	 as	 gold,	 platinum,	 tantalum,	 and	
bismuth	have	been	examined	as	possible	NP	XCAs	in	recent	years.8-16	The	choice	of	
these	 elements	 in	 particular	 is	 due	 the	 fact	 that	 higher	 density	 materials	 and	
materials	with	higher	atomic	numbers	are	expected	to	exhibit	enhanced	attenuation	
of	X-ray	radiation	relative	to	their	molecular,	iodinated	counterparts.7	In	addition	to	
high	 density	 and	 high	 atomic	 number,	 NPs	 are	 comprised	 of	 a	 large	 number	 of	
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attenuating	 atoms	 in	 a	 relatively	 small	 volume,	 which	 offers	 the	 possibility	 of	







to	 synthesize	Bi	NPs	 through	either	 thermal	decomposition	or	 chemical	 reduction	







As	reflected	 in	 the	reported	values	of	µ	 for	each	of	 the	elements,	Bi	 is	expected	 to	
better	attenuate	X-ray	radiation	versus	the	other	four	elements.		
Another	 study	 that	 was	 conducted	 in	 our	 lab	 measured	 attenuation	 as	 a	
function	 of	 effective	 concentration	 (i.e.,	 rates	 of	 attenuation,	 in	 Hounsfield	
Units/mM)	using	common	clinical	X-ray	tube	voltages	(80	kV,	100	kV,	120	kV,	and	
140	 kV);	 the	 attenuation	 rates	 of	 Bi	 NPs	were	 compared	 to	 both	 solvated	 Bi	 (III)	
cations	and	an	 iodinated	standard.23	This	study	demonstrated	that	Bi	outperforms	
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the	 iodinated	 standard	 significantly	 at	 each	 of	 the	 four	 X-ray	 tube	 voltages	
examined.	Furthermore,	 it	was	observed	 that	as	 tube	voltage	 increased,	 there	was	
no	statistically	significant	change	in	rate	of	attenuation	for	either	Bi	(III)	cations	or	
Bi	NPs,	unlike	 the	 iodinated	standard.	This	 indicates	 that	Bi-based	contrast	agents	
should	be	widely	applicable	over	a	range	of	clinical	conditions.	
In	addition	to	the	ability	of	Bi	to	better	attenuate	X-ray	radiation	and	its	low	
price	 point,	 there	 also	 lies	 a	 potential	 pathway	 to	 renal	 clearance	 for	 Bi	 NPs.	
Elemental	 Bi	 has	 been	 shown	 to	 undergo	 dissolution	 to	 some	 extent	 in	 oxidative	
environments,23	 which	 suggests	 that	 Bi	 NPs	 would	 be	 expected	 to	 oxidatively	
decompose	 over	 time	 to	 give	 soluble	 Bi	 (III)	 species	 that	 could	 then	 be	 excreted	
from	 the	 body.	 Given	 the	 medicinal	 history	 of	 Bi	 (III)	 compounds	 over	 the	
centuries,34,35	 this	pathway	to	excretion	is	considered	to	be	a	biologically	safe	one.	




with	 the	 relative	 instability	 of	 NPs	 in	 general,	 the	 synthesis	 of	 Bi	 NPs	 in	 aqueous	
media	 is	 challenging.	 To	 overcome	 this	 challenge,	 the	majority	 of	 Bi	 NP	 synthetic	
literature	 focuses	 on	 bottom-up	 synthetic	 strategies	 that	 utilize	 hydrophobic	
organic	 solvents	 in	 air-free	 environments	 to	 mitigate	 oxidative	 dissolution;	






subtle	 alteration	 of	 synthetic	 conditions.42	 However,	 the	 polymer	 used	 in	 the	
synthesis,	poly(1-vinylpyrrolidone)-graft-(1-hexadecene),	results	in	Bi	NPs	that	are	









through	 either	 a	 direct	 aqueous	 route,	 or	 through	 a	 non-aqueous	 approach	 that	
results	in	hydrophilic	particles	in	a	single	synthetic	step.	We	previously	reported	a	
direct	aqueous	route	 that	utilizes	a	pH-dependent	solubility	equilibrium	of	Bi	 (III)	
nitrate	 in	 equilibrium	 with	 free	 Bi	 (III)	 ions,	 which	 are	 reduced	 using	 sodium	
borohydride	 (NaBH4)	 and	 stabilized	with	 dextran	 in	 a	 glycine-buffered	 solution.48	
The	kinetics	of	this	reaction	are	highly	dependent	on	the	availability	of	free	Bi3+	ions,	
which	 is	 reliant	 on	 the	 solution	 pH.	 This	 synthetic	 method	 yielded	 hydrophilic	
particles	in	a	single	reaction	step,	which	were	relatively	uniform	in	size,	but	not	in	
shape.	 Furthermore,	 for	 typical	 products	 of	 this	 synthetic	 method,	 the	 Bi	 core	
constituted	only	4%	of	 the	 total	particle	volume	(~96%	is	polymeric	shell),	which	
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in	 the	 reaction	 medium.	 Therefore,	 an	 indirect	 route	 to	 hydrophilic	 Bi	 NPs	 was	





at	 relatively	 low	 temperatures,	 a	 chemical	 reducing	 agent	was	 added	 (i.e.,	 borane	
morpholine,	 which	 is	 considered	 kinetically	 slow	 in	 comparison	 to	 NaBH4)49	 vs.	
relying	 on	 thermally	 initiated	 reduction	 (i.e.,	 as	 is	 done	 in	 polyol	 synthesis	 of	
metallic	NPs,	 see	Chapter	 1,	 Section	1.3.1).	 The	products	 of	 this	 synthetic	method	
resulted	 in	 better	 uniformity	 in	 shape	 and	 size	 versus	 the	 prior,	 direct	 aqueous	




While	 this	 non-aqueous	 synthetic	 approach	 offered	 better	 kinetic	 control,	
yielding	 relatively	 uniform	 and	 stable	 aqueous	 Bi	 NPs,	 the	 overall	 method	 from	
reaction	 to	 particle	 isolation	 has	 a	 few	 challenges,	 the	 most	 prevalent	 being	 the	
extensive	waste	stream	generated.	Typically,	in	a	single	reaction,	54	g	of	glucose	are	
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used,	 which	 corresponds	 to	 an	 approximately	 300:1	molar	 ratio	 of	 glucose-to-Bi.	
Additionally,	 in	a	 typical	workup,	 several	 liters	of	aqueous	waste	are	generated	 in	









98%.	 α-D-glucose	 ((glc),	 anhydrous,	 96%),	 D-(-)-tartaric	 acid	 (D-TA,	 99%)	 and	
polyethylene	 glycol	 ((PEG),	 1000	 MW)	 were	 purchased	 from	 Aldrich.	 Borane	
morpholine	complex	(BM)	was	purchased	from	Alfa	Aesar	at	a	purity	of	97%.	PEG	
300	was	 purchased	 from	TCI	 and	PEG	3350	was	 purchased	 from	Sigma.	 Certified	
ACS	 Plus	 Grade	 concentrated	 nitric	 acid	 (HNO3)	 was	 purchased	 from	 Fisher	
Scientific.	 Sodium	 hydroxide	 (NaOH)	 was	 purchased	 from	 Fisher	 Scientific	 at	 a	













For	 each	 synthesis	 carried	 out,	 the	 Bi	 (III)	 precursor	 was	 prepared	 as	
described	above	in	Section	2.3.2a.	The	solution	pH	of	the	dissolved	Bi	(III)	tartrate	




held	 at	 this	 temperature	 for	 a	 period	 of	 30	 minutes	 prior	 to	 addition	 of	 the	
reductant.		Then,	α-D-glucose	(1	–	6	molar	equivalents,	relative	to	Bi),	dissolved	in	a	




of	 the	100	mL	round	bottom	 flasks	 into	250	mL	beakers	 containing	100	mL	of	DI	
H2O	at	~0˚C.	Quenched	reactions	were	then	evenly	distributed	between	four	50	mL	
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centrifuge	 tubes	 and	 centrifuged	 for	 30	 minutes	 at	 4.4	 krpm.	 Finally,	 the	
supernatants	 were	 decanted	 and	 the	 particles	 were	 re-dispersed	 in	 DI	 H2O,	
sonicated,	 and	 centrifuged	 two	 additional	 times.	 The	 obtained	 particles	 were	
ultimately	re-dispersed	and	stored	in	DI	water.		
2.3.2c	 –	 Synthesis	 of	 Bismuth	 Nanoparticles	 Using	 Borane	 Morpholine	 as	 Co-
Reductant	
For	 each	 synthesis	 carried	 out,	 the	 Bi	 (III)	 precursor	 was	 prepared	 as	
described	above	in	Section	2.3.2a.	The	solution	pH	was	further	adjusted	to	achieve	
an	approximate	value	of	12	with	the	addition	of	~1.5	M	NaOH.	The	dissolved	Bi	(III)	
precursor	solution	was	 first	diluted	with	DI	water	 to	a	volume	of	50	mL	and	 then	
heated	 to	 reach	 a	 reaction	 temperature	 of	 80˚C.	 After	 holding	 at	 the	 reaction	
temperature	 for	 30	 minutes,	 3	 molar	 equivalents	 of	 α-D-glucose	 (relative	 to	 Bi),	
dissolved	in	5	mL	of	DI	H2O,	was	added.	Borane	morpholine	was	then	dissolved	in	5	
mL	DI	H2O,	at	molar	equivalents	 ranging	 from	0.5	–	3	 (relative	 to	Bi).	The	borane	









precursor	solution	was	 first	diluted	with	DI	water	 to	a	volume	of	50	mL	and	 then	
heated	 to	 reach	 a	 reaction	 temperature	 of	 80˚C.	 After	 holding	 for	 a	 period	 of	 30	
minutes	at	the	reaction	temperature,	1,	3,	8.5,	17,	or	25.5	molar	equivalents	of	PEG	
300	 (relative	 to	 Bi)	 was	 then	 dissolved	 in	 the	 reaction	 solution	 and	 DI	 H2O	 was	





and	 was	 initiated	 upon	 the	 addition	 of	 borane	 morpholine.	 The	 reactions	 were	
quenched	and	the	resulting	Bi	NPs	were	isolated	as	detailed	in	Section	2.3.2b.	
2.3.2e	 –	 Incubation	 Reactions	 Producing	 Bi	 Nanoparticles	 with	 PEG	 as	 Surface	
Stabilizer	
Upon	quenching	Bi	NPs	generated	from	the	syntheses	using	PEG	as	a	surface-
stabilizing	 agent,	 most	 samples	 would	 be	 observed	 to	 undergo	 dissolution,	 as	
evidenced	by	loss	of	the	black	solution	color.	These	samples	were	then	left	in	sealed	











DLS	 measurements	 were	 taken	 on	 a	 Horiba	 LB-550	 dynamic	 light	 scattering	
instrument,	 and	 an	 instrumental	 algorithm	was	 used	 to	 supply	 the	 hydrodynamic	
diameter	 distribution.	 Samples	 were	 prepared	 by	 concentrating	 nanoparticle	
colloids	 via	 rotary-evaporation.	 The	 concentrated	 particle	 solutions	 were	 then	
transferred	to	a	standard	1	cm	path	length	quartz	cuvette	in	DI	H2O	filtered	through	
a	450	nm	PTFE	syringe	filter.	Measurements	(1000	scans)	at	varying	concentrations	
of	 each	 sample	 were	 performed	 in	 order	 to	 determine	 a	 size	 distribution	
independent	of	concentration	effects.	
Transmission	Electron	Microscopy	(TEM)	
TEM	 was	 performed	 on	 an	 FEI	 Tecnai	 F-20	 TEM	 operating	 at	 200	 kV.	 Isolated	
particles	were	 re-suspended	 in	dry	methanol	 and	drop	 cast	 onto	holey	 carbon	Cu	
supported	TEM	grids	 and	 allowed	 to	dry	 at	 room	 temperature	 for	 at	 least	 1	hour	
prior	 to	 imaging.	 Lattice	 fringe	 spacing	 and	 particle	 sizes	were	 determined	 using	
ImageJ	1.49v	software	analysis.	
X-ray	Diffraction	(XRD)	
Bi	 NPs	 were	 pressed	 onto	 a	 glass	 support	 slide,	 and	 XRD	 data	 were	 collected	 in	
focused	beam	(Bragg−Brentano)	geometry	on	a	Rigaku	Ultima	 IV	X-ray	diffraction	




FTIR	 measurements	 were	 performed	 on	 a	 Thermo	 Scientific	 Nicolet	 iS10	 FTIR	
spectrophotometer	 equipped	 with	 a	 single-bounce	 diamond	 attenuated	 total	





1H	 NMR	 spectroscopy	 was	 performed	 on	 a	 Bruker	 400	 MHz	 AVANCE	 II+	 NMR	
spectrometer	 using	 a	 standard	 pulse	 sequence	 (Zg30)	 and	 Bruker	 automation	
software.	 Spectra	 were	 processed	 using	 the	 MestReNova	 9	 analysis	 software	











Bi(III)	 reduction	 and	 particle	 nucleation	 occurring	 over	 a	 long	 period	 of	 time.	
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Conversely,	 when	 the	 reaction	 temperature	 was	 100˚C,	 reaction	 rates	 were	
observed	 to	be	 too	 rapid,	which	often	 led	 to	 large,	 aggregated	masses	of	bismuth.	
Therefore,	we	elected	 to	use	80˚C	as	 the	 standard	 reaction	 temperature,	 since	 the	
intermediate	reaction	kinetics	would	be	most	likely	to	result	in	uniform	nucleation	
and	growth	of	colloidally	stable	(i.e.,	not	aggregated)	Bi	NPs.			
2.4.1	 pH-Dependent	 Synthesis	 of	 Bismuth	 Nanoparticles	 Using	 Glucose	 as	 a	
Reductant	
As	 previously	 described	 in	 Section	 2.2,	 our	 lab	 developed	 a	 synthetic	
approach	 that	 produced	 stable	 hydrophilic	 Bi	 NPs	 after	 workup	 by	 using	 Bi	 (III)	
nitrate	 pentahydrate	 as	 the	 Bi	 (III)	 precursor,	 PPD	 as	 the	 reaction	 solvent,	 α-D-
glucose	 as	 the	 surface-stabilizing	 agent,	 and	 borane	 morpholine	 as	 the	 chemical	
reducing	agent.	While	 it	was	 initially	believed	that	glucose	only	surface-passivated	
the	particles,	it	was	later	discovered	that	glucose	also	affected	the	reaction	kinetics,	
i.e.,	 the	 addition	 of	 glucose	 decreased	 the	 reaction	 time	 from	 approximately	 one	
hour	to	one	minute,	as	compared	to	reduction	with	borane	morpholine	alone.50	This	
result	 suggested	 that	 glucose	 may	 either	 serve	 as	 a	 catalyst	 for	 the	 borane	
morpholine	reaction	with	Bi	(III),	or	directly	reduce	the	Bi	(III),	or	both.	 	Thus,	we	
attempted	 to	employ	glucose	as	 the	sole,	 stoichiometric	 reducing	agent	 in	a	direct	
aqueous	synthesis	of	Bi	NPs,	which	if	successful,	would	minimize	purification	efforts	
in	 removing	 non-aqueous	 solvent	 (PPD)	 and	 large	 excesses	 of	 glucose	 that	 were	
drawbacks	of	the	prior	method.	
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It	 has	 been	 well	 documented	 that	 reducing	 sugars,	 such	 as	 glucose,	 are	




known	 to	 be	 oxidized	 in	 the	 presence	 of	 excess	 base,	 to	 result	 in	 a	 2	 e-	 transfer	
(Scheme	2.1b)	to	a	suitable	oxidizing	agent,	such	as	a	metal	cation.51	Oxidation	of	the	
aldehyde	 results	 in	 lowering	 the	 concentration	 of	 the	 ring-opened	 form	 in	 the	
glucose	 isomerization	 equilibrium,	 which	 is	 expected	 to	 shift	 in	 response	 to	
generate	more	ring-opened	D-glucose,	as	dictated	by	Le	Châtelier’s	principle;	thus,	a	
steady	 supply	 of	 the	 redox	 active	 aldehyde	 is	 expected	 to	 be	maintained.	 	 Taking	
advantage	 of	 this	 expectation,	 reducing	 sugars	 have	 previously	 been	 utilized	 as	






















































insoluble	 Bi	 (III)	 tartrate	 precipitate.	 The	 precipitate	 is	 titrated	 with	 NaOH	 to	 achieve	
solubility	of	the	precursor	species.	
Initial	studies	were	carried	out	using	3	molar	equivalents	of	glucose	(relative	










equivalents	 of	 glucose	were	used,	 that	 the	 rate	 of	 reaction	wasn’t	 greatly	 affected	
with	the	addition	of	more	or	 less	glucose.	 In	order	to	ascertain	the	effect	of	pH	on	
the	reduction	of	the	(Bix(D-TA)y)	complex	by	glucose,	reactions	were	carried	out	in	
solutions	with	different	pH	values,	 ranging	 from	8	 to	13,	 and	 the	 reduction	of	 the	








the	 range	 of	 11	 –	 12	 showed	 no	 shape	 or	 size	 uniformity	 (Figure	 2.1a	 &	 b).	 The	
resulting	 particles	 appeared	 to	 be	 large	 aggregates,	 where	 each	 aggregate	 is	
composed	of	smaller	particles.	Based	on	 the	black	solution	color,	 these	aggregates	
were	assumed	 to	be	elemental	Bi,	which	was	confirmed	with	high-resolution	TEM	
(HRTEM);	HRTEM	 showed	 a	 lattice	 spacing	 of	 3.15	Å,	 corresponding	 to	 the	 (012)	
plane	of	 elemental	Bi	 (Figure	2.1c).48	 In	 solution,	 these	aggregates	were	 shown	 to	
have	a	bimodal	distribution	with	an	average	hydrodynamic	diameter	(HD)	of	163.3	
±	 143.5	 nm,	 via	 DLS	 analysis	 (Figure	 2.1d).	 Taking	 a	 closer	 look	 at	 the	 DLS	
distribution,	 the	 mean	 diameter	 of	 the	 smaller	 population	 (with	 the	 highest	
frequency)	 is	 approximately	 150	 nm,	 while	 many	 large	 aggregates	 with	 a	 mean	
diameter	around	1.15	µm	were	also	observed.	
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Lack	 of	 uniformity	 in	 the	 size	 and	 shape	 of	 the	 resultant	 Bi	NPs	may	 have	
resulted	 from	 a	 number	 of	 factors,	 including	 the	 possibility	 that	 precursor	
reduction,	and	subsequent	nanoparticle	nucleation	and	growth,	take	place	over	too	
broad	 of	 a	 time	 period	 (i.e.	 30	 minutes,	 vs.	 a	 more	 ideal	 burst	 nucleation).	 This	
would	be	 expected	 to	 result	 in	 the	 growth	of	 existing	nuclei	 into	nanoparticles	 as	
new	 nuclei	 are	 still	 forming,	 to	 cause	 a	 broad	 size	 distribution.	 Secondly,	 the	
tendency	 of	 the	 resulting	 Bi	 NPs	 toward	 aggregation	 suggests	 that	 there	 is	







































































Surface	 analysis	 with	 FTIR	 showed	 broad	 absorption	 features	 over	 two	
different	regions,	ranging	from	4000	–	2150	cm-1	and	2000	–	650	cm-1.	 In	the	first	
region,	no	distinct	functionality	can	be	ascertained,	as	there	is	no	clear	definition	to	
the	 absorbance	 features.	 The	 second	 region,	 however,	 has	 discernable	 absorption	




Versus	 the	 glucose	 reduction	 of	 the	 Bix(D-TA)y	 precursor	 in	 aqueous	
solutions	with		pH	=	11-12,	reactions	with	pH	=	13	resulted	in	faster	kinetics,	where	
reduction	and	nanoparticle	formation	took	place	in	a	slightly	decreased	time	period.	
However,	 the	 resulting	 nanoparticles	 synthesized	 at	 pH	 13	 showed	 no	 distinct	
differences	 from	 those	 synthesized	 in	 solution	 with	 pH	 in	 the	 range	 of	 11	 –	 12.	
Additionally,	as	a	consequence	of	the	highly	alkalinity,	the	Bi	(III)	precursor	would	
often	 times	 remain	 oxidized	 and	 would	 hydrolyze	 to	 result	 in	 highly	 uniform,	
spherical	 Bi2O3	NPs	 (Figure	 2.2a	&	 b).	 A	 relatively	 small	 particle	 size	 and	 narrow	







While	 this	 approach	 proved	 successful	 in	 reducing	 Bi	 (III)	 to	 elemental	 Bi	
NPs	when	the	solution	pH	was	between	8	and	12,	 it	was	considered	not	viable	for	
the	production	of	 stable,	 aqueous	Bi	NP	 colloids	 that	would	be	 suitable	 for	use	 in	
biomedicine.	The	lack	of	size	and	shape	uniformity	in	the	resulting	Bi	NPs	suggests	
that	the	reaction	kinetics	fall	outside	of	 ideal	conditions	for	uniform	NP	formation.	
Additionally,	 the	 observed	 aggregation	 of	 synthesized	 particles	 suggests	 poor	
surface	stabilization	by	glucose.	Furthermore,	the	high	alkalinity	needed	to	promote	
glucose	 oxidation	 presents	 its	 own	 issues,	 since	 at	 sufficiently	 high	 pH,	 Bi	 (III)	 is	
prone	to	hydrolysis.	
	
Figure	 2.2:	 a)	 and	 b)	 TEM	 of	 Bi2O3	 NPs	 formed	 through	 hydrolysis	 of	 the	 Bi	 tartrate	




























































































particle	 size	 distribution	 as	 measured	 through	 TEM	 analysis;	 d)	 PXRD	 of	 isolated	 NPs	





so,	 it	 was	 hypothesized	 that	 the	 nucleation	 and	 growth	 stages	 could	 be	 better	
separated	 to	 facilitate	 the	 formation	 of	more	 discrete	 and	 uniform	 nanoparticles.	
Given	 that	 borane	 morpholine	 (BM)	 had	 been	 used	 successfully	 in	 the	 glucose-
assisted	polyol	synthesis	developed	 in	our	 lab,	 this	seemed	to	be	a	suitable	choice	
for	a	co-reductant	species.	
To	ascertain	the	effect	of	the	added	reducing	agent,	molar	equivalence	trials	
were	 performed,	where	 a	 range	 of	 0.5	 –	 3	molar	 equivalents	 of	 BM	were	 used	 to	
initiate	 Bi	 (III)	 reduction.	 Syntheses	 were	 carried	 out	 at	 a	 solution	 pH	 of	
approximately	12,	where	Bi	(III)	hydrolysis	was	less	likely	and	the	best	reactivity	in	
the	 glucose	 studies	 was	 observed.	 As	 expected,	 the	 addition	 of	 BM	 significantly	
increased	the	reaction	rate.	With	the	addition	of	3	equivalents	of	BM,	reaction	times	








successfully	 promoted	 the	 formation	 of	 discrete	 particles.	 HRTEM	 shows	 a	 lattice	
spacing	of	 3.18	Å	 (Figure	2.3c),	 corresponding	 to	 the	 (012)	plane	of	 elemental	Bi.	
However,	 the	 particles	 varied	 in	 size	 significantly	 over	 replicate	 syntheses,	 with	




Figure	 2.3:	 a)	 and	 b)	 TEM	 images	 of	 Bi	 NPs	 synthesized	 with	 the	 addition	 of	 borane	










































































































































the	 introduction	 of	 a	 co-reductant,	 the	 rate	 of	 Bi	 (III)	 reduction	 was	 effectively	
increased,	which	was	observed	to	result	 in	a	more	rapid	particle	nucleation	event.	
However,	 an	 increase	 in	 the	 rate	 of	 particle	 growth	 is	 also	 likely	 under	 these	
conditions,	which	is	supported	by	the	immediate	precipitation	of	 large,	aggregated	
particles	 when	 3	 equivalents	 of	 BM	 were	 used.	 Since	 the	 reaction	 end	 point	 is	
determined	 observationally	 by	 the	 appearance	 of	 a	 black	 solution	 color,	 slight	
variations	 in	reaction	duration	could	account	 for	 the	different	sizes	because	of	 the	
fast	 growth	 rate.	 	 As	 a	 further	 complication,	 if	 particle	 growth	 is	 not	 allowed	 to	




the	 Bi	 NPs	 synthesized	 without	 the	 addition	 of	 BM,	 suggests	 that	 glucose	 is	 not	
effectively	 passivating	 the	 NP	 surface,	 allowing	 for	 oxidative	 dissolution	 to	 occur.	
Indeed,	 neither	 glucose	 nor	 gluconic	 acid	were	 detected	 by	 FTIR	 or	 1H	NMR.	 The	
FTIR	 contained	 only	 broad,	 un-assignable	 features,	 and	 the	 1H	 NMR	 spectra	
obtained	were	characteristic	of	 solvent,	 similar	 to	 those	described	 in	Section	2.4.1	
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where	 glucose	 was	 used	 as	 the	 sole	 reducing	 agent.	 Thus,	 no	 definitive	
determination	of	the	surface	species	was	made.	
2.4.3	 Synthesis	 of	 Bismuth	 Nanoparticles	 Using	 PEG	 300	 as	 a	 Surface-Stabilizing	
Agent	
In	both	of	the	above	cases,	no	evidence	was	obtained	to	indicate	that	glucose	
(or	 gluconic	 acid)	 effectively	 passivated	 the	 particle	 surfaces.	 Thus,	 surface	
instability	of	the	resulting	Bi	NPs	was	a	suspected	cause	of	particle	aggregation	and	
oxidative	dissolution.	To	overcome	this	issue,	investigation	into	a	different	surface-
stabilizing	 agent	 was	 necessary.	 The	 use	 of	 poly(ethylene	 glycol)	 (PEG)	 as	 a	
nanoparticle	 surface-stabilizing	 agent	 in	 biomedical	 applications,	 such	 as	 drug-
delivery	and	imaging,	is	very	well	studied.57	PEG	is	often	used	to	coat	the	surface	of	
nanoparticles	because	of	 its	 ability	 to	 avoid	 recognition	by	 the	 reticuloendothelial	







the	 polymer	 relative	 to	 bismuth.	 For	 these	 syntheses,	 the	 solution	 pH	 was	
maintained	 at	 a	 value	 of	 approximately	 10.	 Since	 glucose	 had	 been	 removed	 as	 a	
reducing	 species,	 an	 elevated	 solution	 pH	 was	 no	 longer	 a	 necessity.	 In	 general,	
while	black	aqueous	 colloids	were	 routinely	obtained,	 the	particles	obtained	 from	
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these	 syntheses	 exhibited	 poor	 size	 and	 shape	 uniformity,	 similar	 to	 the	
nanoparticles	obtained	through	the	glucose-reduction	route.	In	the	TEM	images,	the	
particles	 were	 observed	 to	 be	 large	 crystalline	 aggregates	 (Figure	 2.4a	 &	 b),	 and	
HRTEM	measurement	 of	 the	 lattice	 spacing	 provided	 confirmatory	 evidence	 that	
these	 particles	 were	 elemental	 Bi,	 with	 a	 lattice	 spacing	 measured	 at	 3.15	 Å,	
corresponding	 to	 the	 (012)	 plane	 of	 elemental	 Bi	 (Figure	 2.4c).	 Analysis	 via	 DLS	
gave	an	average	hydrodynamic	diameter	of	86.7	nm	±	37.6	nm	(Figure	2.4d).	
By	removing	glucose	from	the	reaction	system,	it	is	believed	that	the	kinetic	
advantage	 gained	 by	 the	 addition	 of	 borane	morpholine	 to	 the	 glucose	 reduction	
system	 was	 lost.	 The	 removal	 of	 glucose	 effectively	 slowed	 the	 rate	 of	 Bi	 (III)	
reduction,	 likely	resulting	in	a	prolonged	period	of	nucleation,	similar	to	what	was	
observed	 in	 the	 glucose	 reduction	 route.	 Additionally,	 the	 morphology	 of	 the	









Figure	 S2)	on	 the	NP	 surfaces.	A	weak,	 broad	absorption	band	 from	3500	 cm-1	 to	
3050	 cm-1	was	 observed,	 in	 the	 region	 characteristic	 of	 a	 hydrogen-bonded	 –OH	
































































































carboxylated	 PEG	 species.	 Unfortunately,	 characterization	 via	 1H	 NMR	 could	 not	
further	 elucidate	 the	 nature	 of	 the	 surface	 species,	 where	 spectra	 obtained	 were	
characteristic	of	solvent,	similar	to	those	described	in	Section	2.4.1	
To	try	to	mitigate	the	issues	of	poor	morphology	and	aggregation,	additional	
reactions	were	 carried	 out	 using	 8.5,	 17,	 and	 25.5	molar	 equivalents	 of	 PEG	 300,	
relative	to	bismuth.	PEG	300	was	also	replaced	in	another	series	of	reactions	using	
larger	PEG	species	(PEG	1000	and	PEG	3350)	having	higher	molecular	weights.	 In	











ambient	 light,	 Bi	 NP	 colloids	 were	 observed	 to	 decompose	 over	 a	 period	 of	 14	





batches	 that	used	PEG	300	as	 the	 surface-stabilizing	agent	 and	borane	morpholine	as	 the	
reducing	 agent;	 c)	 HRTEM	 of	 Bi	 lattice	 fringes	measured	 at	 2.29	 Å	 corresponding	 to	 the	
(110)	plane	of	elemental	Bi;	d)	DLS	histogram	of	resulting	Bi	NPs	showing	an	average	HD	of	
37.7	nm	±	16.3	nm.	
Surprisingly,	 the	Bi	NPs	obtained	 through	 this	 “incubation”	 route	 exhibited	
much	 greater	 size	 and	 shape	 uniformity	 (Figure	 2.5a	 &	 b)	 vs.	 all	 of	 the	 aqueous	
syntheses	 described	 above.	 In	 the	 TEM	 images,	 each	 particle	 appears	 to	 be	
composed	of	a	discrete	Bi	core,	which	is	covered	by	smaller,	highly	uniform	~5	nm	
Bi	 particles.	 Further,	 the	 HRTEM	 image	 and	 analysis	 revealed	 a	 lattice	 spacing	 of	









































































































































































incubation	 route	 show	 a	 somewhat	 uniform	 size	 distribution,	 with	 an	 average	
hydrodynamic	diameter	of	37.7	nm	±	16.3	nm	(Figure	2.5d).		
Surface	 characterization,	 via	 FTIR,	 of	 the	 Bi	 NP	 colloid	 produced	 similar	
results	 to	 those	 observed	 in	 Section	 2.4.1	 (SI	 Figure	 S3).	 The	 spectrum	 shows	 a	
broadband	 absorbance	 from	 4000	 cm-1	 to	 about	 2200	 cm-1.	 There	 are	 several	
distinct	absorption	bands	at	1539	cm-1,	1302	cm-1,	and	1027	cm-1.	These	absorbance	
features	 might	 indicate	 the	 presence	 of	 a	 carboxylate	 group,	 but	 could	 not	 be	
confirmed,	as	spectra	obtained	via	1H	NMR	were	characteristic	of	solvent.		
The	 Bi	 NPs	 generated	 from	 this	 “incubation”	 route	 were	 thought	 to	 be	
generated	through	a	seed-mediated	particle	growth	mechanism,	which	may	explain	
the	seed	over-coated	core	morphology	observed.	Upon	oxidative	dissolution,	it	was	
hypothesized	 that	 not	 all	 the	 Bi	 particles	 had	 been	 totally	 dissolved.	 Instead,	 it	 is	
possible	 that	 some	 small	 Bi	 nuclei	 remained,	 which	 could	 then	 re-nucleate	 the	
dissolved	Bi	to	enable	particle	regrowth.	This	process	of	digestive	particle	ripening,	
could	 be	 expected	 to	 result	 in	 the	 increased	 size	 and	 shape	 uniformity	 observed.	
This	hypothesis	was	examined	by	a	series	of	control	reactions,	in	which	all	reactants	





resulting	 Bi	 structures	 obtained	 were	 morphologically	 dissimilar	 to	 the	 products	
produced	 when	 the	 reaction	 is	 initially	 heated.	 Bi	 NPs	 and	 wires	 were	 routinely	
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obtained	 from	 these	 control	 reactions,	 as	 well	 as	 large	 Bi	 microstructures	 and	
spherical	 amorphous	 particles	 (Figure	 2.6a,	 b,	 &	 c),	 where	 the	 size	 distributions	
measured	 via	DLS	 are	 also	 dissimilar	 to	 those	 observed	 for	 the	 heated	 bench-top	
incubation	 reactions	 (Figure	 2.6d).	 The	 results	 of	 these	 controls	 suggest	 that	 the	
initial	 heated	 bench-top	 reaction	 is	 necessary	 for	 the	 generation	 of	 nuclei,	 which	
then	act	as	seeds	for	which	controlled	particle	regrowth	may	then	occur.		
	
Figure	 2.6:	a),	b)	&	c)	TEM	images	 from	several	control	reactions	 in	which	the	soluble	Bi	
(III)	precursor,	PEG	300,	and	borane	morpholine	are	combined	and	 left	 to	 incubate	 in	 the	













































































































































































In	each	of	 the	 initial	approaches	described	above,	with	the	exception	of	 the	
PEG	300	incubation	route,	the	visual	determination	of	the	reaction	endpoint	was	a	
predominant	source	of	inconsistency	in	the	obtained	results,	due	to	the	incomplete	




concentrations,	 were	 ineffective.	 Similarly,	 increasing	 the	 polymer	 length	 of	 PEG	
also	had	no	effect	on	the	size	or	morphology	of	the	resulting	particles.	
It	was	also	 found	that	 following	workup	and	 isolation	of	 the	Bi	NP	colloids,	
the	intended	surface	species	were	not	observed	through	FTIR	and	1H	NMR	analysis.	
This	 may	 be	 the	 result	 of	 one	 of	 several	 factors.	 It’s	 possible	 that	 the	 intended	
surface	 species	 (glucose	 or	 PEG	 300)	 may	 have	 been	 stripped	 from	 the	 particle	
surface	 during	 workup	 either	 by	 intensive	 heating	 or	 vacuum	 during	 rotary	
evaporation	 to	 remove	water.	On	 the	other	hand,	 this	may	be	due	 to	 electrostatic	
stabilization	 of	 the	 particles	 as	 a	 result	 of	 surface	 oxide	 formation.	Unfortunately,	
this	point	remains	unclear.	
However,	 the	PEG	300	 incubation	route	was	successful	 as	a	direct	aqueous	












chemical	 reduction	 method	 using	 a	 soluble	 bismuth	 (III)	 tartrate	 precursor.		










particular,	Bi	NPs	have	been	 recently	 investigated	 in	 the	 area	of	 biomedical	X-ray	
attenuation	as	a	new	class	of	contrast	material,7-14	owing	to	the	high	atomic	number	
and	 density	 of	 bismuth,15	 as	 well	 as	 relative	 biological	 tolerance	 to	 Bi-
compounds.16,17	To	be	an	effective	contrast	material	for	biological	use,	such	particles	
must	 be	 water-soluble.	 However,	 the	 development	 of	 a	 facile	 method	 for	 the	
preparation	 of	water	 soluble,	 amino-	 or	 carboxylic-acid	 functionalized	Bi	NPs	 is	 a	
useful,	 yet	 challenging	 synthetic	 goal.	 Bismuth	 (III)	 salts	 tend	 to	 suffer	 from	poor	
solubility	 in	 both	 polar	 and	 apolar	 solvents	 and	will	 preferentially	 form	 insoluble	
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precipitates	with	chalcogen	species,	such	as	oxygen,	sulfur,	and	selenium,18	making	
bismuth	 (III)	 precursor	 selection	 a	 difficult	 task.	 In	 water,	 soluble	 bismuth	 (III)	
solutions	 are	 typically	 only	 achievable	 under	 highly	 acidic	 conditions,16	 unless	
complexed	with	a	water-soluble	ligand.	For	example,	Xia	et	al.	demonstrated	a	direct	
aqueous	synthetic	route	that	uses	an	ammonium	bismuth	citrate	(ABC)	complex	as	a	




well	 as	 from	 the	 oxidative	 instability	 of	 elemental	 bismuth	 in	 water,	 which	 is	 a	
common	shortcoming	with	direct	aqueous	Bi	NP	syntheses.	
To	bypass	the	challenges	of	direct	aqueous	synthesis,	there	have	been	many	
alternative	 methods	 developed	 with	 which	 to	 synthesize	 Bi	 NPs.	 Thermal	
decomposition	 of	 bismuth	 precursors,	 such	 as	 bismuth	 (III)	 trimethylsilylamide	
(Bi[N(SiMe3)2]3),20-22	 bismuth	 (III)	 alkylamides	 (Bi(NR2)3),23	 or	 bismuth	 (III)	
thiolates	 (Bi(SR)3)24,25	 has,	 by	 and	 large,	 shown	 the	 best	 resulting	 product.	
Nanoparticles	 prepared	 through	 these	 routes	 typically	 show	 exceptional	 size	 and	
shape	uniformity,	and	average	sizes	can	often	be	tuned,	while	maintaining	narrow	
size	 distributions,	 with	 minor	 changes	 to	 synthetic	 conditions.	 However,	 these	
nanoparticles	 are	 typically	 only	 soluble	 in	 nonpolar	 solvents	 prior	 to	 additional	
surface	modification,	which	greatly	inhibits	their	use	for	biological	application.	
Herein,	we	report	a	simple,	aqueous	synthetic	strategy	for	Bi	NPs	using	low	
cost	 reagents	 under	 mild	 synthetic	 conditions.	 Bi	 NPs	 were	 synthesized	 in	 the	
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presence	 of	 hexamethylenediamine	 (HMD),	 which	 was	 intended	 to	 serve	 as	 a	
surface	 stabilizing	 ligand	 that	 could	 provide	 aqueous	 solubility	 through	 the	 polar,	
water	 soluble	 terminal	 amines,	 while	 providing	 oxidative	 stability	 with	 a	
hydrophobic	barrier	provided	by	methylene	linkages	between	the	terminal	amines.	
The	 resultant	Bi	NPs	produced	 from	 this	 synthesis	were	 found	 to	be	highly	 stable	
when	stored	in	water	for	up	to	several	months.	Additionally,	nanoparticle	isolation	





98%.	 D-(-)-tartaric	 acid	 (D-TA)	 was	 purchased	 from	 Aldrich	 at	 a	 purity	 of	 99%.	
Borane	 morpholine	 complex	 (BM)	 was	 purchased	 from	 Alfa	 Aesar	 at	 a	 purity	 of	
97%.	Hexamethylenediamine	(HMD)	was	purchased	from	Acros	Organics	at	a	purity	
of	99.5+%.	Certified	ACS	Plus	Grade	concentrated	nitric	acid	(HNO3)	was	purchased	
from	 Fisher	 Scientific.	 Sodium	 hydroxide	 (NaOH)	 was	 purchased	 from	 Fisher	
Scientific	 at	 a	 purity	 of	 ≥97.0%.	All	 chemicals	were	 used	 as	 received	without	 any	
further	purification.	
3.3.2	Synthesis	
The	 insoluble	 Bix(D-TA)y	 precursor	was	 prepared	 as	 outlined	 in	 Chapter	 2	
Section	 2.3.2a.	 To	 solubilize	 the	 precursor,	 2.2	 mL	 of	 ~1.5	 M	 NaOH	 was	 added	
dropwise	 to	dissolve	 the	white	precipitate.	HMD	at	1	molar	 equivalent	 relative	 to	
bismuth	was	then	added	to	the	precursor	solution,	which	was	subsequently	diluted	
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with	 DI	 water	 to	 achieve	 a	 volume	 of	 50	 mL.	 The	 round	 bottom	 flask	 was	 then	
submerged	 in	 a	 temperature	 controlled	 oil	 bath	 set	 to	 a	 temperature	 of	 60˚C	 and	
allowed	 to	 reach	 reaction	 temperature	 for	 an	 interval	 of	 30	 minutes.	 Borane	
morpholine,	at	0.5	molar	equivalents	relative	to	bismuth,	was	then	dissolved	in	10	





to	 flocculate	 and	 fall	 out	 of	 solution.	The	 supernatant	was	 then	decanted,	 and	 the	
resulting	 solution	 was	 diluted	 to	 a	 volume	 of	 100	 mL	 with	 DI	 H2O	 and	 evenly	
distributed	between	 two	50	mL	centrifuge	 tubes.	These	 samples	were	 centrifuged	
for	1	minute	at	4.4	krpm.	The	supernatants	were	again	decanted	and	the	particles	
were	washed	and	centrifuged	one	additional	 time	with	20	mL	DI	H2O.	Finally,	 the	





DLS	 measurements	 were	 taken	 on	 a	 Horiba	 LB-550	 dynamic	 light	 scattering	
instrument,	 and	 an	 instrumental	 algorithm	was	 used	 to	 supply	 the	 hydrodynamic	
diameter	 distribution.	 Samples	 were	 prepared	 by	 concentrating	 nanoparticle	
colloids	 via	 rotary-evaporation.	 The	 concentrated	 particle	 solutions	 were	 then	
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TEM	 was	 performed	 on	 an	 FEI	 Tecnai	 F-20	 TEM	 operating	 at	 200	 kV.	 Isolated	





Bi	 NPs	 were	 pressed	 onto	 a	 glass	 support	 slide,	 and	 XRD	 data	 were	 collected	 in	
focused	beam	(Bragg−Brentano)	geometry	on	a	Rigaku	Ultima	 IV	X-ray	diffraction	
system	 using	 graphite	 monochromatized	 Cu	 Kα	 radiation.	 Scans	 were	 performed	
over	the	angular	range	20−70°	2θ	at	a	scan	rate	of	0.2°/min	at	room	temperature.	
Fourier	Transform	Infrared	Spectroscopy	(FTIR)	
FTIR	 measurements	 were	 performed	 on	 a	 Thermo	 Scientific	 Nicolet	 iS10	 FTIR	
spectrophotometer	 equipped	 with	 a	 single-bounce	 diamond	 ATR	 attachment.	





1H	 NMR	 spectroscopy	 was	 performed	 on	 a	 Bruker	 400	 MHz	 AVANCE	 II+	 NMR	
spectrometer	 using	 a	 standard	 pulse	 sequence	 (Zg30)	 and	 Bruker	 automation	
software.	 Spectra	 were	 processed	 using	 the	 MestReNova	 9	 analysis	 software	
package.	 Samples	 were	 prepared	 by	 first	 concentrating	 the	 reaction	 mixture	 via	





in	 an	 aqueous	 solution	 of	 the	 surfactant,	 hexamethylenediamine	 (HMD),	 and	




were	 observed.	 The	 majority	 of	 the	 resulting	 particles	 were	 observed	 to	 be	
ellipsoidal	 in	 shape;	 however,	 nanorods	 and	 plates	 were	 also	 routinely	 obtained	
(Figures	 3.1a	 &	 b).	 Measurements	 via	 DLS	 showed	 an	 average	 hydrodynamic	
diameter	 of	 33.4	 ±	 12.5	 nm,	 indicating	 a	 good	 degree	 of	 size-uniformity	 (Figure	
3.1c).	 Particle	 crystallinity	 was	 assessed	 under	 high-resolution	 TEM	 (HRTEM),	
where	lattice	spacing	measurements	of	3.33	Å	and	2.25	Å	were	obtained,	which	are	
consistent	with	 the	 (012)26	 and	 (110)27	 planes	 of	 elemental	 bismuth,	 respectively	
(Figure	3.1d).	The	 crystallinity	and	phase	were	 further	 confirmed	with	powder	X-
	 61	
ray	 diffraction	 (PXRD),	 which	 showed	 a	 highly	 crystalline	 product	 that	 can	 be	
indexed	to	elemental	bismuth	(Figure	3.1e).	
	
Figure	 3.1:	TEM	 images	of	Bi	NPs	synthesized	 in	an	aqueous	solution	of	HMD	(a	&	b);	 c)	
DLS	histogram	of	synthesized	Bi	NPs	indicating	an	average	hydrodynamic	diameter	of	33.4	
nm	 ±	 12.5	 nm;	 d)	 HRTEM	 showing	 measured	 lattice	 spacings	 of	 3.33	 Å	 and	 2.25	 Å,	
corresponding	 to	 the	 (012)	 and	 (110)	 planes	 of	 elemental	 bismuth,	 respectively;	 e)	 XRD	
pattern	of	a	highly	crystalline	Bi	NP	powder.	
In	this	synthesis,	HMD	was	chosen	as	a	surface-stabilizing	agent	 for	several	
reasons.	 First,	 it	 exhibits	 high	 water	 solubility	 due	 to	 the	 diamine	 functionality,	
which	 should	 ultimately	 result	 in	 a	 water-soluble	 product	 upon	 binding	 to	 the	
nanoparticle	surfaces.	Secondly,	with	a	pKa	of	~11.2,	HMD	would	be	tolerant	to	the	
























































































































































































































































amines	 of	 HMD	 is	 a	 saturated	 hydrocarbon	 interior,	 which	 should	 act	 as	 an	
unreactive	 hydrophobic	 barrier	 between	 the	 nanoparticle	 surface	 and	 the	 highly	
oxidative,	 aqueous	 synthetic	 environment.	 A	 similar	 technique	 to	mitigate	 surface	
oxidation	was	carried	out	in	our	lab	with	n-decane-terminated	silicon	nanoparticles	
(Si	NPs),	where	the	surfactant	cetyltrimethylammonium	bromide	(CTAB),	was	used	
as	 a	 phase-transfer	 agent	 to	 make	 the	 hydrophobic	 Si	 NPs	 water-soluble.28	 The	
hydrophobic	tail	of	CTAB	associated	via	van	der	Walls	interactions	with	the	decane	
on	the	NP	surface,	effectively	generating	a	hydrophobic	barrier,	which	protected	the	




Typically,	 post-synthetic	workup	 to	 isolate	Bi	NPs	 from	a	 reaction	 solution	
involves	 repeated	 centrifugation	 steps,	which	usually	 results	 in	 the	 loss	of	 a	 large	
amount	 of	 product	 through	 decantation.	 Additionally,	 we’ve	 observed	 a	 greater	
extent	 of	 particle	 aggregation	 with	 prolonged	 centrifugation,	 which	 led	 to	 the	
necessity	of	finding	an	alternative	method	of	particle	isolation.	With	the	HMD	route,	
workup	 is	 made	 considerably	 easier.	 Bi	 NPs	 are	 isolated	 in	 a	 combination	






Figure	 3.2:	 FTIR	 surface	 characterization	 of	 Bi	NPs	 synthesized	 in	 the	 presence	 of	HMD.	
Spectra	 are	 as	 follows:	 1)	 hexamethylenediamine	 (HMD);	 2)	 isolated	 and	 dried	 Bi	 NP	
flocculate;	3)	dried	and	isolated	insoluble	Bix(D-TA)y	precursor.	
Isolating	Bi	NPs	through	the	above	method	was	thought	to	occur	through	the	
protonation	 of	 the	 terminal	 amines	 of	 HMD	 on	 the	 particle	 surface,	 forming	 an	
ammonium	chloride	salt.	However,	FTIR	analysis	was	done	to	ascertain	the	chemical	
environment	on	the	surface	of	the	particles	(Figure	3.2).	The	spectrum	obtained	for	




methylene	 (-CH2)	 stretching	 region	 around	 2800-2950	 cm-1.	 These	 observations	
support	 the	 mechanism	 for	 particle	 isolation	 depicted	 in	 Scheme	 3.1,	 where	 the	










































through	 the	 addition	 of	 HCl.	 Protonation	 of	 the	 carboxylate	 groups	 ultimately	
decreases	 the	 overall	 surface	 charge	 of	 particles,	 thereby	 diminishing	 their	
electrostatic	stability	and	causing	the	particles	to	flocculate	and	fall	out	of	solution.	
Additionally,	 this	 coincides	 with	 the	 acid/base	 chemistry	 of	 the	 Bix(D-TA)y	
precursor	 species,	 where	 under	 acidic	 conditions,	 the	 precursor	 is	 insoluble,	 but	
increasing	 the	 solution	 pH	 allows	 for	 complete	 precursor	 solubility.	 Further	
attempts	 to	 analyze	 the	 Bi	 NPs	 surface	 were	 carried	 out	 using	 proton	 nuclear	










































dissolution	 during	 and	 post	 synthesis.	 Bi	 NPs	 post-synthesis	 were	 found	 to	 stay	
colloidally	 stable	 in	 DI	 H2O	 following	 isolation	 for	 a	 period	 of	 several	 months.	
Eventually,	 the	 dark	 black	 colloids	 started	 to	 turn	 gray,	 likely	 due	 to	 surface	




To	 summarize,	 we	 report	 the	 synthesis	 of	 33.4	 ±	 12.5	 nm	 Bi	 NPs	 through	





solubility	 and	 the	 possibility	 for	 functionalization	 with	 other	 potential	 surface	
ligands.	While	 the	 resulting	 Bi	 NPs	may	 not	 show	morphological	 uniformity,	 this	

















































































































































































































































































sole	 reducing	 agent,	 presenting	 broad	 absorption	 features	 over	 two	 different	
regions,	 ranging	 from	4000	 –	 2150	 cm-1	 and	 2000	 –	 650	 cm-1	 (Chapter	 2	 Section	
2.4.1).	Clear	absorption	bands	can	be	seen	at	1720	cm-1,	1535	cm-1,	1308	cm	-1,	and	






























borane	 morpholine	 as	 the	 reducing	 agent	 (Chapter	 2	 Section	 2.4.3).	 A	 slight	































Figure	 S3:	FTIR	spectrum	of	particle	 colloid	 that	underwent	oxidative	dissolution	
and	 regrew	 through	 incubation	 of	 the	 dissolved	 colloid	 (Chapter	 2	 Section	 2.4.3).	
The	entire	spectrum	appears	 to	show	broadband	absorbance	with	several	distinct	
absorption	bands	at	1539	cm-1,	1302	cm-1,	and	1027	cm-1,	similar	 to	 the	spectrum	
for	particles	obtained	through	the	route	using	glucose	as	the	sole	reducing	agent.	
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